INTRODUCTION
============

Coral calcification is the biomineralization process that involves the formation of calcium carbonate skeletons (CaCO~3~), which form the massive bioconstructions of coral reefs. Although these ecosystems occupy only approximately 0.1% of the oceans' surface area, they are considered to be of major ecological and economic value ([@R1]). Coral reefs represent one of the most biodiverse habitats in the marine environment, harboring approximately one-third of the known marine species ([@R2]) and the highest density of animals to be found anywhere on the planet ([@R3]). They also provide an array of ecosystem services to many nations worldwide, including the protection of coasts from intense wave action in extreme weather scenarios ([@R4], [@R5]).

The formation of the coral skeletons takes place in an extracellular calcifying medium (ECM), also referred to as calcifying fluid, subcalicoblastic medium, or subcalicoblastic space ([@R6]--[@R8]). The ECM is a semi-enclosed compartment of a few nano- to micrometers thickness that is "sandwiched" between the skeleton and the calcifying calicoblastic epithelium (CCE) ([@R9]). Together with three further overlaying epithelia, the CCE thus spatially separates the ECM from a direct contact with the surrounding environment ([@R9]). The chemical composition of the ECM is widely held to be an essential factor controlling calcification ([@R9]). Its importance in coral calcification and physiological resilience to environmental change has led to a large number of studies on relevant ECM parameters (pH, Ca^2+^, and CO~3~^2−^, with the majority characterizing pH~ECM~ as a key parameter) and derived ECM carbonate chemistry \[e.g., aragonite saturation state Ω~arag~ = \[Ca^2+^\]\[CO~3~^2−^\]/*K*~sp~ and dissolved inorganic carbon (DIC) concentration\].

On the basis of all existing data, it is widely accepted that corals increase ECM pH and carbonate concentrations to elevate Ω~arag~ in the ECM above that of the surrounding seawater ([@R8], [@R10]--[@R15]). Elevating Ω~arag~ in the ECM favors the formation of aragonite and is therefore thought to constitute a crucial step in the coral biomineralization process ([@R16]). This physiological process may also be crucial for corals and coral reef ecosystems to tolerate reduced seawater Ω~arag~ that will occur under ocean acidification ([@R11], [@R14], [@R17]). Furthermore, recent findings have shown that the up-regulation of Ca^2+^ in the ECM seems to be of notable importance for ECM carbonate chemistry and coral resilience ([@R14]) and assigns proper characterization of \[Ca^2+^\] a crucial role in coral biomineralization studies.

However, most of these findings come from indirect approaches using geochemical proxies rather than measurements in the ECM itself (boron isotope systematics for δ^11^B and B/Ca, and Raman spectroscopy for Ω~arag~) ([@R13], [@R14], [@R18]--[@R21]). Notably, few data come from direct in vivo measurements \[confocal microscopy using the pH-sensitive fluorescent dyes SNARF-1 (carboxyseminaphthorhodafluor-1) and HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) or the application of microsensors for pH, Ca^2+^, or CO~3~^2−^ measurements\] ([@R8], [@R10], [@R15], [@R22], [@R23]). Within the published in vivo studies, only the application of microsensors resulted in direct measurements of more than one parameter. The lack of multiparameter datasets from direct approaches is mainly due to the technical challenges in accessing the ECM in live corals and, in the case of confocal microscopy, the absence of carbonate and feasible calcium dyes. Microsensors, however, can be manufactured for all relevant ECM parameters, they are minimally invasive, and they measure on a scale of seconds and micrometers. However, although one microsensor study measured \[Ca^2+^\] ([@R10]) and one measured \[CO~3~^2−^\] ([@R15]) in addition to pH~ECM~, no study ever characterized all three parameters in a single study or species. This precludes a calculation of Ω~arag~ and a description of the full carbonate system based solely on direct measurements. A notable uncertainty of the available microsensor studies is that they leave the concern whether measurements were really conducted within the ECM, meaning that they were carried out in a "blind" manner. Thus, microsensor measurements were conducted after puncturing the coral coenosarc tissue to measure pH~ECM~ ([@R23]), making incisions with a scalpel ([@R10]) or inserting the sensor through the polyp mouth ([@R15]), without having an optical verification that the microelectrode was correctly placed in the ECM. This makes it difficult to rule out the influence of other compartments within the coral (e.g., the coelenteron).

The pH~ECM~ is the parameter for which most data are available in the literature obtained by all methods described. pH~ECM~ values range widely, with highest values generally obtained by microelectrode studies and lower values measured in boron and SNARF-1 studies. It is not known whether the different measurement techniques contribute to the range of pH values in the literature. Currently, no studies have attempted to combine the different techniques. Although Holcomb and colleagues ([@R24]) conducted boron and confocal measurements on the same coral sample, techniques were not combined for the different regions that were studied within the sample (apex, lateral region, and growing edge). To date, no studies have systematically compared the results of pH measurement using pH dyes and H^+^-selective microelectrodes within the ECM.

In addition to this disparity of pH~ECM~ values in the literature, there is an ongoing debate over whether corals concentrate DIC in the ECM. While, based on several assumptions, isotope studies on *Porites* spp. indicated that \[DIC\] in the ECM can be two or more times higher than seawater ([@R13], [@R21]), microelectrode work by Cai *et al*. ([@R15]) indicated that DIC in *Orbicella faveolata*, *Turbinaria reniformis*, and *Acropora millepora* is not elevated substantially above seawater values. This issue is important to resolve both from the standpoint of gaining a better mechanistic understanding of coral calcification and for the interpretation of geochemical isotope signatures (e.g., δ^13^C) widely used as paleoenvironmental records.

In this study, we performed microsensor investigations on the coral *Stylophora pistillata* to quantify the full carbonate system of the ECM based solely on direct in vivo measurements. We initially measured pH within the ECM of the growing edge of *S. pistillata* microcolonies by simultaneously using microsensors and the pH-sensitive dye SNARF-1. We then used microsensors to measure all three parameters (pH, \[CO~3~^2−^\], and \[Ca^2+^\]) within the ECM of the growing edge of the same coral species. Each parameter was measured in the light and in the dark, and correct placement of the microsensor tip within the ECM of the growing edge was optically verified by means of inverted microscopy. These data were then used to calculate ECM total \[DIC\] and Ω~arag~. Applying approaches similar to those of earlier studies ([@R15]), we also used microsensors to measure pH and CO~3~^2+^ under the coral polyps.

Our study provides the most comprehensive in vivo characterization of ECM carbonate chemistry to date, revealing that corals elevate calcium, \[DIC\], and Ω~arag~ in the ECM, in addition to increasing pH~ECM~. These findings strongly support biological regulation of ECM carbonate chemistry and highlight its crucial role in coral calcification.

RESULTS
=======

Simultaneous measurements of SNARF-1 and pH liquid ion exchange microsensors
----------------------------------------------------------------------------

To validate the application of microsensors for investigations of ECM chemistry at the growing edge of coral microcolonies, we measured pH~ECM~ in *S. pistillata* microcolonies grown on coverslips by simultaneously using pH microsensors and confocal microscopy coupled with the fluorescent, pH-sensitive dye SNARF-1 ([Fig. 1](#F1){ref-type="fig"}). Confocal microscopy enabled imaging of the ECM, which was in contact with aragonite crystals underlying the calicoblastic epithelium ([@R8], [@R22]). After the insertion of the microsensor into the ECM ([Fig. 1](#F1){ref-type="fig"}, A and B), pH values increased immediately, reaching a maximum of 0.51 pH units higher relative to seawater values. These values closely correspond with pH values obtained by confocal analysis of SNARF-1 ([Fig. 1C](#F1){ref-type="fig"}). Microsensor and SNARF-1 pH measurements were in close agreement throughout the experimental time series ([Fig. 1C](#F1){ref-type="fig"}), demonstrating that these two in vivo methods produce very similar results at the same location and time frame of measurement ([Fig. 1C](#F1){ref-type="fig"}). The microsensor time series also show temporal pH dynamics within the ECM that commonly cannot be resolved by discontinuous measurements.

![Simultaneous measurements of pH in the ECM of the growing edge of a *S. pistillata* microcolony using a LIX microsensor and confocal microscopy with the pH-sensitive dye SNARF-1.\
(**A**) Inverted bright-field image showing the microsensor tip inside of the ECM. ms, microsensor; sw, seawater; cr, crystals. (**B**) Merged confocal and transmission image of the same area as shown in (A) with the tandem application of SNARF-1 (obtained at 585 ± 10 nm and 640 ± 10 nm) and the LIX microsensor. Green, cells; red, seawater and ECM. (**C**) ♦, time series of pH-LIX (acquisition time, 5 s); □, average ± SD pH~NBS,\ SNARF-1~; ▲, average ± SD pH~NBS,\ LIX~ obtained during the acquisition of SNARF-1 images; ↑, time of inserting the microsensor into the ECM at time point zero; ↓, time of retracting the microsensor out of the ECM. Data points between the arrows indicate measurements in the ECM, and data points before (negative time) are measurements in the seawater and the coral tissue before entering the ECM. Light conditions, 200 μmol photons cm^−2^ s^−1^. No significant difference between microsensor and SNARF-1 pH measurements over the time series (*F*~1,12~ = 1.50; *P* = 0.30).](aau7447-F1){#F1}

pH, \[CO~3~^2−^\], and \[Ca^2+^\] in the ECM of the growing edge
----------------------------------------------------------------

Having made tandem measurements of pH~ECM~ using SNARF-1 and microsensor approaches to establish that microsensors could be reliably positioned in the ECM, we performed microsensor measurements in the growing edge. We attempted to perform simultaneous pH~ECM~ and \[CO~3~^2−^\] readings using two microsensors; however, this frequently resulted in early tissue retraction or mesentery activity before values could stabilize (fig. S1). Thus, we separately measured pH, \[CO~3~^2−^\], and \[Ca^2+^\] in the ECM at the growing edge of *S. pistillata* microcolonies using bright-field microscopy to position the electrode. Example measurements are shown in [Fig. 2](#F2){ref-type="fig"}. Upon insertion of the microsensor into the ECM, we observed an immediate increase in all parameters measured as well as an immediate drop back to seawater values after retraction of the electrode from the colony. On average, pH was elevated by 0.44 pH units in the light and 0.43 pH units in the dark in the ECM relative to the surrounding seawater ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). \[CO~3~^2−^\] was elevated by 482 and 454 μmol kg^−1^ seawater and \[Ca^2+^\] by 2 mM relative to seawater in the light and dark ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). A comparison of light and dark conditions ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}) revealed that there was no significant effect of light and dark on all three parameters (pH~ECM~: *P* = 0.72, *F*~1,20~ = 0.13; CO~3~^2−^: *P* = 0.72, *F*~1,6~ = 0.15; Ca^2+^: *P* = 0.78, *F*~1,5~ = 0.09).

![Example time series and temporal dynamics of carbonate chemistry parameters measured with LIX microsensors in the ECM within the growing edge of *S. pistillata*.\
(**A**) pH, (**B**) CO~3~^2−^, (**C**) Ca^2+^. Acquisition time, 2 s; illumination, 200 μmol photons m^−1^ s^−1^; ↑ at time point zero, insertion of the microsensor into the ECM; ↓, time of retracting the microsensor out of the ECM; \*, exchange of syringes of the perfusion system and resulting interference with the measurement setup.](aau7447-F2){#F2}

![pH, carbonate, and calcium values of the ECM in the growing edge of *S. pistillata* microcolonies measured in the light (200 μmol photons m^−1^ s^−1^) and dark.\
Box and whisker plots show single replicate measurements (○); the mean (●); the first, second (median; bold line), and third quartile (horizontal lines of the boxes); and respective whiskers (vertical lines spanning to the lowest and highest data point of all data, excluding outliers). Replicate numbers (*n*) represent separate microcolonies and are given on each graph. Horizontal dashed line, seawater values (CO~3~^2−^, 196 ± 15 μmol kg^−1^ seawater; pH~SW~ \[NBS\], 8.09 ± 0.01; Ca^2+^, 11 ± 0 mM).](aau7447-F3){#F3}

###### Carbonate chemistry parameters obtained in this study for seawater (SW) and the ECM of the growing edge of *S. pistillata* microcolonies in the light (200 μmol photons m^−1^ s^−1^) and dark.

Gray highlighted columns indicate parameters that were measured directly, and nonhighlighted columns show data derived from calculations (average ± SD).

             **pH \[NBS\]**   **pH\* \[SWS\]**   **CO~3~^2−^ \[μM kg^−1^ SW\]**   **Ca^2+^ \[mM\]**   **DIC^†^ \[μmol kg^−1^ SW\]**   **Ω~arag~^‡^**
  ---------- ---------------- ------------------ -------------------------------- ------------------- ------------------------------- ----------------
  Seawater   8.09 ± 0.01      7.93               196 ± 15                         11 ± 0              2145 ± 279                      2.9 ± 0.2
  ECM                                                                                                                                 
    Light    8.54 ± 0.10      8.38               679 ± 183                        13 ± 2              3133 ± 1046                     12.1 ± 3.6
    Dark     8.52 ± 0.10      8.36               651 ± 235                        13 ± 2              3084 ± 1269                     11.9 ± 4.7

\*pHSWS, pH NBS refitted after Dickson and Millero ([@R48]) (table 2).

†Calculated according to [Eq. 1](#E1){ref-type="disp-formula"} and based on pH~SWS~ (see Materials and Methods).

‡Calculated according to [Eq. 2](#E2){ref-type="disp-formula"}, Ω~arag~ = \[Ca^2+^\]\[CO~3~^2−^\]/*K*~sp~. *K*~sp~ = 7.184, as derived for salinity of 38 from Mucci ([@R53]) (solubility constants for aragonite are shown in table 4).

pH and CO~3~^2−^ depth profiles on polyps
-----------------------------------------

To investigate whether there are differences in pH and carbonate concentrations in the ECM, depending on the region of the coral microcolony studied (growing edge versus polyp), we also carried out microsensor measurements on coral polyps. The thickness of the coral skeleton under the polyps does not allow visualization of the ECM by bright-field or confocal microscopy and thus makes an optical verification of the position of the microelectrode in the ECM impossible.

During the microsensor measurements, external images of the coral polyp being measured were taken regularly throughout the experiment. The images revealed that, in most cases, the polyp frequently contracted after the insertion of the microsensor, often resulting in a full withdrawal of the polyp into the corallite calyx ([Fig. 4B](#F4){ref-type="fig"} and fig. S2, A and B). Depth profiles of pH and carbonate were measured in the light (200 μmol photons m^−2^ s^−1^) by starting measurements in the seawater above the polyp and entering it stepwise through the mouth and through the gastric cavity until the skeleton was reached (see Materials and Methods for further details).

![pH measured by a LIX microsensor in a *S. pistillata* polyp with the sensor tip entered through the mouth.\
(**A**) pH depth profile (diamond symbols) corresponding to the time series in (C), showing maximum pH values in the light before and after a period of darkness (yellow circles) and a minimum value in darkness at the end of the dark period (black circle). The horizontal line indicates the top of the polyp mouth (0 μm). Negative depths represent measurements in the overlaying seawater; positive depths represent the inside of the polyp until the skeleton at 1250 μm. (**B**) Time series of pictures corresponding to (A) and (C) showing the coral polyp initially open (upper two images) and then retracted upon insertion of the microsensor (lower two images). (**C**) Time series of a coral pH profile (acquisition time every 2 s). Solid vertical line, seawater pH value at depth −2000 μm; dashed line indicates pH value at the entrance of the polyp mouth (0 μm); gray highlighted areas indicate measurements at the skeleton (1250 μm); dark gray area indicates period of darkness; ↑, time of reaching the polyp mouth; ↓, time of retracting the microsensor out of the polyp mouth.](aau7447-F4){#F4}

In the overlaying seawater, pH remained constant at 8.06 ± 0.01 and increased to about pH 8.27 within the first millimeter of the polyp ([Fig. 4A](#F4){ref-type="fig"}). With further advancement of the microsensor, values increased progressively until they reached a maximum of 8.92 ± 0.01 at the skeleton, displaying a Δ pH of 0.87 units to the ambient seawater ([Fig. 4](#F4){ref-type="fig"}, A and C). In darkness, the pH immediately decreased ([Fig. 4](#F4){ref-type="fig"}, A and C) to reach a dark pH minimum of 7.35 ± 0.01 after about 10 min. After reilluminating the sample, the pH immediately started to increase again, returning to original light values (8.88 ± 0.07) after about 20 min ([Fig. 4](#F4){ref-type="fig"}, A and C). These findings suggest that photosynthesis and respiration exert a strong influence on the chemistry at the site of the microsensor measurements under the polyp during light and dark periods, contrasting with data obtained from measurements in the ECM of the growing edge.

To investigate the effect of photosynthesis on the observed pH increase, we exposed corals to DCMU \[3-(3,4-dichlorophenyl)-1,1-dimethylurea\], which specifically inhibits photosystem II and which instantly led to a drop in pH to 6.99 ± 0.02 (fig. S2A).

Depth profiles and light-dark shifts were also measured on polyps from the coral apex, where the influence of photosynthesis is expected to be less as they host almost no zooxanthellae (fig. S2B). In addition, measurements were also conducted on polyps containing zooxanthellae that naturally did not retract (fig. S2C). Data from polyps in apexes with low zooxanthellae abundance and from nonretracting polyps showed that the pH value at the skeleton was higher (pH 7.87 ± 0.05 and pH 7.65 ± 0.08, respectively) relative to values in the overlying tissues and gastric cavity (pH 7.21 ± 0.01 and pH 7.18 ± 0.04). However, these pH values did not exceed seawater pH (pH 7.92 ± 0.02 and pH 8.20 ± 0.02), and the values were not influenced by light-dark shifts (fig. S2B).

Depth profiles of \[CO~3~^2−^\] mirrored the results obtained by pH measurements in polyps containing zooxanthellae (fig. S3). During light conditions, \[CO~3~^2−^\] increased progressively after entering the polyp until reaching maximum values at the skeleton of 654 ± 13 μM CO~3~^2−^. Upon switching off the light, values immediately started to drop, reaching a minimum of 41 ± 2 μM CO~3~^2−^ in approximately 10 min. Switching the light back on and off a second time led essentially to the same values (645 ± 12 μM CO~3~^2−^ and 49 ± 1 μM CO~3~^2−^ for the second light and dark cycle, respectively). Corresponding images also showed a retraction of the polyp concurrently with the insertion of the sensor.

\[DIC\] and Ω~arag~ in the ECM at the growing edge
--------------------------------------------------

Results from the direct measurements of pH and \[CO~3~^2−^\] under visual control were used to calculate ECM \[DIC\] according to [Eq. 1](#E1){ref-type="disp-formula"} (see Materials and Methods and note S1). Carbonate concentrations were also used with the direct measurements of calcium concentrations to derive ECM Ω~arag~ (see [Eq. 2](#E2){ref-type="disp-formula"} in Materials and Methods). We restricted calculations of both \[DIC\] and \[CO~3~^2−^\] to data from the growing edge, where we had confirmed that microelectrodes could be correctly positioned in the ECM. Our DIC calculations revealed that \[DIC\] was, on average, elevated by 43 and 42% in the light and dark, respectively, as compared to seawater values ([Table 1](#T1){ref-type="table"}). The heterogeneity of the data resulted in pronounced variability resulting in minimum DIC concentrations close to seawater values and maximum DIC concentrations as high as approximately two times seawater DIC. Average values of Ω~arag~ of nearly 12 in the light and dark were fourfold that of Ω~seawater~ ([Table 1](#T1){ref-type="table"}). Overall, when considering the SD, Ω~arag~ values ranged from 7 to 17 and 8 to 16 in the light and dark, respectively.

DISCUSSION
==========

Research on the chemical composition of ECM and the functioning of the CCE is central to understanding how corals calcify. This is important for predicting the impact of environmental stressors on coral reefs and improving the interpretation of skeletal isotope signatures for paleoreconstruction. The present study on live *S. pistillata* microcolonies delivers a set of direct in vivo measurements of pH~ECM~, Ca^2+^, and CO~3~^2−^ concentrations on the same species, with optical verification of placement of the microelectrode within the ECM of the growing edge, an area that exhibits numerous freshly deposited and growing crystals ([@R8], [@R25]). Calculations derived from these measurements reveal the extent to which ECM Ω~arag~ and DIC are elevated above seawater values and resolve uncertainty about derivations of ECM Ω~arag~ and DIC from skeletal geochemical proxies.

Furthermore, our results from simultaneous use of pH microsensors and SNARF-1 show that when measured at the same time and in the same spot, data obtained by these two methods are in good agreement ([Fig. 1](#F1){ref-type="fig"}), clarifying differences between previous findings reported within the literature. This supports the use of microelectrodes in the current and future studies and highlights the utility of using microscopy to guide the correct positioning of the microsensor tip into the ECM.

Previous studies that have used microsensors have been conducted in a blind manner in the polyps or between polyps in the coenosarc ([@R10], [@R15]), where microscopic imaging is impossible. In these studies, positioning of the microelectrode within the ECM was assumed from a change of the sensor signal or breaking of the sensor once reaching the skeleton. Here, we also conducted microelectrode measurements under the polyps and conclude that it was not possible to reliably interpret the ECM chemistry measured under coral polyps, respectively, without optical verification of the site of measurement. This is based on the following observations. Initially, our results showed that both pH and \[CO~3~^2−^\] under the polyps increased under light conditions to well above seawater values, which is in accordance with previous findings ([@R15]). However, we additionally carried out dark measurements, which revealed a profound decrease in both parameters to levels far below seawater values. Because of missing data, a direct comparison with other dark pH~ECM~ measurements under polyps is not possible. However, the low values of dark pH~ECM~ under the polyps contrast with our ECM values from the growing edge. They also do not agree with higher values of pH~ECM~ obtained in darkness in previous studies on *Galaxea fascicularis* (microsensors) and *S. pistillata* (SNARF-1) ([@R8], [@R10]). To test what factors could influence our measurements under the polyps, we inhibited photosynthesis with DCMU and additionally measured in polyps largely devoid of zooxanthellae at the apex of coral colonies, where calcification rates are high. In line with dark measurements, the pH values in these experiments also fell well below seawater values. This strongly suggests that initial observations of elevated pH values at the skeleton were strongly influenced by photosynthetic CO~2~ consumption (elevating pH) and that low dark pH values were likely driven by respiratory CO~2~ production. Our observations that polyps frequently retracted after insertion of the microelectrode further support this idea. We propose that polyp retraction leads to a microenvironment of compressed tissues and high zooxanthellae density, where the influence of photosynthesis and respiration on chemistry at the site of the microelectrode measurement is greatly augmented (fig. S4).

Furthermore, we performed pH measurements at the skeleton in polyps that contained zooxanthellae but stayed relaxed and did not retract into the corallite calyx (fig. S2C). The pH profile from the mouth toward the skeleton showed a decline in pH, which is in accordance with findings on pH dynamics in the coral coelenteron ([@R26]). At the skeleton, pH slightly increased; however, it remained below seawater pH values. This conflicts with all existing pH~ECM~ data on scleractinian corals and suggests that unaltered ECM chemistry was not captured.

Drawing general conclusions on ECM chemistry under the polyps and comparing it to ECM chemistry in other regions of the coral based on these data are nearly impossible. If we consider to be measuring within the ECM under the polyp, its chemistry can be influenced by photosynthesis and respiration, and it would be impossible to dissociate to which proportion these processes influence ECM chemistry. Furthermore, polyp contractions and retraction could also alter the local microenvironment and thus the ECM chemistry, and we cannot say whether coral contraction and retraction are induced or enhanced by the insertion of microsensors into the polyps. Thus, we cannot estimate how representative the chemistry measured under compressed tissue layers is as opposed to natural conditions. Furthermore, this links to the fact that entering the ECM through several (compressed) tissue layers would likely cause tissue damage that could lead to a mixing of fluids of different compartments. Arriving at the ECM without any local tissue damage causing mixing seems rather unlikely. Furthermore, it seems impossible to ascertain whether a blind positioning of the microelectrode into the ECM, which is suggested to be a few micrometers or less in thickness in *S. pistillata* ([@R6], [@R8]), is possible. Thus, we restricted our measurements of pH, \[Ca^2+^\], and \[CO~3~^2−^\] and our calculations of Ω~arag~ and \[DIC\] to data derived from the growing edge, where we could be confident that microelectrodes were correctly placed in the ECM.

Another important experimental constraint we encountered in the current study was related to the simultaneous use of more than one microelectrode. Simultaneous measurements of two or three parameters (pH, \[Ca^2+^\], and \[CO~3~^2−^\]) in the ECM are desirable for improving the accuracy of calculations of carbonate chemistry, DIC, and Ω~arag~, because data come from the same time and site of measurement. However, when we measured pH and \[CO~3~^2−^\] with two microsensors in the same location and at the same time, coral colonies showed an accelerated stress response. Accordingly, tissue retraction around the measured area and increased mesentery activity directed toward the sensor tips were frequently observed (fig. S1B). We therefore avoided using simultaneous measurements for determinations of ECM chemistry within this study.

Measurements of pH, \[Ca^2+^\], and \[CO~3~^2−^\] performed in the ECM of the growing edge, and the calculations of DIC and Ω~arag~ based on these data, provide valuable information on the mechanisms involved in the control of ECM chemistry. In *S. pistillata*, all parameters are elevated in the ECM with respect to seawater values. This was the case for both light and dark conditions, which did not differ from each other. The growing edge is generally inhabited by few zooxanthellae, reducing effects of photosynthesis and respiration, and a previous pH study on *S. pistillata* supports the finding of similar values during light and dark conditions ([@R17]). Furthermore, given that the rather small number of replicate measurements in the present study scattered over a wide range, it is possible that the number of replicates was not sufficient to resolve a difference.

The supply of ions to the ECM and their removal is thought to be governed by either transcellular pathways (through the cells), paracellular pathways (between the cells), or a combination of the two ([@R7]). It is noteworthy that in the case of the transcellular pathway, ions can be concentrated against their electrochemical gradient, whereas in the case of the paracellular pathway, ions will equilibrate according to their gradient. Because we have measured increased \[Ca^2+^\] at the calcification front compared to that of seawater, our results indicate an involvement of a transcellular pathway for the accumulation of calcium. Elevation of \[Ca^2+^\] in the ECM has also been recently derived from Ω~arag~ for two coral species by indirect methods ([@R14]), pointing toward cellular mechanisms to modulate \[Ca^2+^\]~ECM~. Molecular data suggest that calcium enters the calicoblastic cells via a calcium channel ([@R27]) and is released to the ECM through a calcium adenosine triphosphatase (ATPase) \[plasma membrane calcium ATPase (PMCA)\] ([@R28]). In addition to these calcium transport mechanisms, recent findings propose that calcium could also be transported via vesicles to the site of calcification in *S. pistillata* ([@R29]).

Concerning pH regulation, our results confirm that protons are removed from the calcification front, which is reflected in an elevation of pH~ECM~ compared to the surrounding seawater. This could be facilitated by the PMCA, which functions as a calcium/proton exchanger present on the membrane of the calicoblastic cells ([@R28]). Last, we measured that \[CO~3~^2−^\] is elevated within the ECM with respect to seawater and determined that \[DIC\] is also elevated above seawater values, corroborating previous research that, based on different techniques and assumptions, suggested a carbon concentration mechanism in the ECM ([@R13], [@R18], [@R19], [@R21]). On the basis of the present data, the current study also strongly indicates that mechanisms of DIC concentration must influence ECM carbonate chemistry. On a mechanistic level, transport of DIC coming from the calicoblastic cells into the ECM could occur through the diffusion of metabolic CO~2~ \[from respiration ([@R12], [@R30], [@R31]) or the supply of bicarbonate by a transporter of the SLC4 family ([@R32])\]. The conversion of these DIC species into carbonate would then be facilitated by a favorable pH, as determined in this study.

Our data, demonstrating that pH, \[Ca^2+^\], and \[CO~3~^2−^\] are elevated in the ECM when compared to seawater, also align well with Ussing chamber measurements performed on *S. pistillata* colonies ([@R33]). These show that the calicoblastic epithelium behaves as a tight epithelium with low paracellular permeability and with significant transcellular ion transport capacities. Even if a paracellular pathway also occurs ([@R34]) and although the relative contributions of the paracellular versus the transcellular pathways may be species specific ([@R12]), our findings underline the involvement of a transcellular ion concentration mechanism in the ECM of *S. pistillata*.

The thermodynamic force driving the formation of aragonite is described by Ω~arag~, and as such, there is a pronounced interest in determining Ω~arag~ in the coral ECM. In previous studies, Ω~arag~ has been derived solely from pH and/or carbonate values, with assumed values of calcium concentration matching seawater values or from Raman spectroscopy ([@R8], [@R13], [@R14], [@R18], [@R19]). Here, Ω~arag~ can be calculated from direct measurements of \[Ca^2+^\] and \[CO~3~^2−^\] under light and dark conditions, giving Ω~arag~ values of about 12 ± 4 for light and 12 ± 5 for dark, respectively. These values match well with estimates of Ω~arag~ for coral skeletons made by Raman spectroscopy with values of 12.3 ± 0.3 and \~11 ± 0.5 for JCp-1 *Porites* coral standard and *Acropora*, respectively ([@R35]), and an Ω~arag~ of about 11.5 and 12 for *Acropora yongei* and *Pocillopora damicornis*, respectively ([@R14]).

The observed saturation states are sufficient for the inorganic precipitation of aragonite crystals. However, it has been previously pointed out that predicted rates of aragonite precipitation under the conditions used here at an Ω~arag~ of about 12 would correspond to lower calcification rates than typically measured for *S. pistillata* ([@R35]). This discrepancy may be related to a potential underestimation of the true surface area of the growing skeleton, which is a highly complex and fine three-dimensional structure ([@R36]). Thus, calcification rates may be overestimated when normalized to surface areas that are underestimated ([@R35]). Furthermore, the coral biomineralization mechanism involves organic matrix molecules, which may reduce the free energy required for crystal nucleation, possibly facilitating calcification at lower Ω~arag~ values ([@R29], [@R37], [@R38]). All values presented in this study were derived for *S. pistillata* and may vary when studied in other species.

In conclusion, the current study presents in vivo measurements of \[Ca^2+^\], \[CO~3~^2−^\], and pH in the coral ECM and the determination of ECM Ω~arag~ and \[DIC\] solely from direct measurements. Notably, we demonstrate that ECM \[Ca^2+^\] is elevated relative to seawater, and as such, future models of ECM chemistry or energetic models of ion transport to the ECM should take this into account, rather than assuming that the ECM \[Ca^2+^\] is equivalent to seawater.

Our findings highlight several avenues for future research. First, we observed substantial variation in the values of \[Ca^2+^\], \[CO~3~^2−^\], and pH~ECM~, indicating temporal and spatial variation of Ω~arag~ in the ECM. This might explain observations of heterogeneous calcification rates across the skeleton and during skeleton formation made by previous authors ([@R39], [@R40]). Formation of centers of calcification has been proposed to require higher Ω~arag~, whereas prolongation by growth of aragonitic fiber bundles occurs at lower Ω~arag~ ([@R41]). A second area of future research should examine our results in the context of recent findings in the field of coral biomineralization, indicating that the calcification process is initiated by amorphous calcium carbonate precursor phases in the form of nanoparticles ([@R29], [@R38]). These are suggested to be deposited in microenvironments that are enriched in skeletal organic matrix and organic fibers and would not require highly elevated extracellular Ω~arag~. Thus, the role of elevated saturation states in these biomineralization models needs to be defined. Third, future work is needed to develop tandem microelectrode imaging approaches, which can extend spatial characterization of ECM carbonate chemistry to other areas of the coral colony, such as under polyps in other parts of the skeleton. As the current study demonstrates, using microelectrodes in conjunction with microscopy to ensure proper placement of the sensor is of great importance. These avenues of future research and continued research investment into coral physiology, in general, will help improve our knowledge of the coral biomineralization process, which is key to a deeper understanding and better predictions of how and why coral calcification responds to environmental change.

MATERIALS AND METHODS
=====================

*S. pistillata* microcolonies
-----------------------------

All experiments were conducted on microcolony samples derived from *S. pistillata* colonies maintained at the Centre Scientifique de Monaco. Microcolonies were grown laterally on glass coverslips by the lateral skeleton preparative assay ([@R8], [@R25], [@R42]). During experiments, samples were kept at a temperature of 25°C, a salinity of 38, and light intensities of approximately 200 and 0 μmol photons m^−2^ s^−1^ during light/dark manipulations (see below).

Microsensor construction
------------------------

pH, CO~3~^2−^, and Ca^2+^ liquid ion exchange (LIX) microsensors were prepared as described previously ([@R43]--[@R46]), with the exception that the green glass tubing was replaced by glass capillary tubes (borosilicate; inner diameter, 1.2 mm; outer diameter, 1.5 mm; Hilgenberg), which were pulled on a DMZ Universal puller (Zeitz-Instruments) into micropipettes with tip diameters of 1 μm. In brief, the micropipette tips were silanized ([@R43]), backfilled with electrolyte {for H^+^: 300 mM KCl, 50 mM NaPO~4~, pH 7; for CO~3~^2−^: Na~2~B~4~O~7~ × 10H~2~O (19.1 g liter^−1^) + 200 μM CaCO~3~ adjusted with 0.1 N HCl and NaOH to pH 9 \[see ([@R44])\]; and for Ca^2+^: 200 mM KCl, 2 mM CaCl~2~ × 2H~2~O}, and broke open under the microscope to tip diameters of 2 to 3 μm. Tips were then front-filled in two steps with H^+^, CO~3~^2−^, or Ca^2+^ ionophore, respectively (H^+^ ionophore III, CO~3~^2−^ ionophore VII, and Ca ionophore II; Sigma-Aldrich), as described previously ([@R44]). The micropipette tips were then glued to the rest of the glass housing, and microsensors were left to dry for 2 to 6 hours before measurements.

Microsensor calibration
-----------------------

pH and CO~3~^2−^ microsensors were calibrated with commercially available pH buffers (pH 7 and 9, Fluka) and in seawater that was adjusted to pH 6.5 to 9.5 in 0.5 pH units \[National Bureau of Standards (NBS) scale\] by adding HCl and NaOH. Seawater pH (pH~SW~ \[NBS\]) was measured with a pH electrode (Mettler Toledo), which was calibrated with three commercially available pH NBS buffers (pH 4, 7, and 10; Fisher Chemical). For each pH step, subsamples were taken to determine total scale pH (*m*-cresol purple) and total alkalinity (*A*~T~, by titration). When alkalinity measurements were not possible, an average of all alkalinity measurements was taken for these datasets. For CO~3~^2−^ calibration, concentrations were calculated in CO2SYS v2.1 using the measured pH and *A*~T~ with constants by Mehrbach *et al*. ([@R47]) refitted by Dickson and Millero ([@R48]), KHSO~4~ from Dickson, and total boron by Uppström ([@R49]). Ca^2+^ sensors were calibrated in NaCl-based buffers (490 mM NaCl, 54 mM MgCl~2~ × 6H~2~O and 10.5 mM KCl, 500-ml ultrapure water), with at least three concentrations from 1, 5, 10, and 20 mM CaCl~2~ × 2H~2~O.

Microsensor measurements
------------------------

Microsensors were mounted on a motorized micromanipulator (MUX2, PyroScience GmbH) and connected to custom-built millivolt meters (Max Planck Institute for Marine Microbiology, Bremen, Germany). Amplifier outputs were channeled through an interface (Dual Channel Reader DCR16, PyroScience GmbH) to a laptop for data acquisition and control of the micromanipulator using the software Profix (version 4.51; PyroScience GmbH). Simultaneous use of two microsensors was facilitated by a custom-built adapter and a twin clamp (MM-TC, PyroScience GmbH). With the exception of one experiment where microsensor signals were recorded every 5 s (see below), microsensor signals were recorded every 2 s.

Measurements in the growing edge of *S. pistillata* microcolonies combined with inverted bright-field and confocal microscopy
-----------------------------------------------------------------------------------------------------------------------------

Access with pH, CO~3~^2−^, and Ca^2+^ microsensors into the ECM in the growing edge of *S. pistillata* microcolonies was enabled by means of inverted bright-field microscopy using a 16× or 40× oil immersion lens. In certain experiments, microsensor pH~ECM~ measurements were also enabled by simultaneous confocal imaging of the ECM using the cell-impermeant fluorescent pH dye SNARF-1 (Leica SP5 confocal laser scanning microscope) using the same objectives. During the experiments, temperature was held constant at 25°C using a temperature-controlled microscope stage (Temperable Insert P, PeCon) linked to a temperature control unit (Polystat 36, Fisher Scientific) and a temperature-controlled seawater perfusion system (Thermo Clamp-1, AutoMate Scientific). The renewal rate was set to an optimum of 50% per minute for 2.5-ml volume of seawater within the perfusion chamber containing a coral sample of approximately 1 cm^2^ ([@R8]).

After the initial calibration within a perfusion chamber solely containing seawater of the different calibration pH, a perfusion chamber containing a microcolony sample was placed under the microscope. Initially, the microsensor tip was carefully advanced toward the glass slide in a region outside the coral microcolony until it touched the glass. This position was set as depth zero. The sensor tip was then moved upward by several hundred micrometers (negative depth in vertical depth profiles) to record seawater values. Then, a region of interest was identified in the coral \[distinct areas of ECM where the calicoblastic cell layer was lifted a few micrometers above the glass slide ([@R8])\]. The microsensor was moved toward this region until the sensor tip penetrated through the tissue and reached the ECM. The insertion of the sensor tip into the ECM was verified both visually by means of microscopy (squeezing of the tissue layers with subsequent penetration of the tip and simultaneous relaxation of the tissue surrounding the microsensor tip) and by a sudden change in signal. Because of the rigidity of the tissue, the sensor tip had to be pushed through the tissue layers by applying multiple depth steps, leading to a slight bend in the sensor tip and a final depth of \>0 μm (positive depth in vertical depth profiles). Once the microsensor tip was placed within the ECM, time series were recorded to monitor temporal dynamics. We aimed to record series of at least 30 min; however, this was not always possible because of either a retraction of the coral tissue laying bare the microsensor tip or mesentery activity close to the microsensor tip disabling clean measurements. As the sensor could not be set perpendicular toward the sample because of limitations of the setup but was rather oriented in an angle of approximately 30° to 45°, we point out that in the depth profiles presented here, increments do not represent absolute distances to the sample.

Measurements of pH, CO~3~^2−^, and Ca^2+^ were performed in both the light and dark. Initially, light-dark shift measurements with an interval of approximately 10 min were performed as done previously ([@R10]) but showed no change of signal between light and dark. Thus, light and dark values were acquired from entire time series measured at light intensities of approximately 200 μm photons m^−2^ s^−1^ (halogen lamp KLQ150, Bioblock Scientific) or 0 μmol photons m^−2^ s^−1^ (light meter LI-250A, LI-COR). For dark measurements, coral microcolonies were first dark-adapted for 30 to 60 min ([@R50]), after which the corals were briefly illuminated by the microscope's light source, while the microelectrode was positioned. Samples were then returned to darkness for 30 min or longer during which a time series of microelectrode readings was recorded. Mean values of pH~ECM~, \[CO~3~^2−^\], and \[Ca^2+^\] were obtained by the following procedure. The first 10 min of each time series was discarded to allow microelectrode readings to stabilize and to allow recovery of the tissue after insertion of the sensor. Data from the remaining time series were averaged for each replicate. Replicate pH, CO~3~^2−^, and Ca^2+^ concentrations were obtained in separate colonies and averaged (±SD) for final values as presented in [Table 1](#T1){ref-type="table"}. At the end of each time series, the microsensor was retracted, and seawater values and, when necessary and possible, a second calibration series were recorded, which allowed the correction of a potential sensor drift.

Fluorescent dye imaging (SNARF-1)
---------------------------------

SNARF-1 (Invitrogen) is an extracellular long-wavelength fluorescent pH indicator whose emission spectrum undergoes a pH-dependent wavelength shift. SNARF-1 measurements were essentially conducted as described previously ([@R8]). In brief, SNARF-1 solutions were prepared in filtered seawater to a final concentration of 45 μM. A total of 2.5 ml was then added to the perfusion chamber containing a microcolony sample that was incubated with the dye for 15 min before measurements. The samples were excited at 543 nm, and fluorescence was monitored at two emission wavelengths (585 ± 10 nm and 640 ± 10 nm) for subsequent ratiometric analysis. Calibration was done by determining the ratio of SNARF-1 fluorescence in filtered seawater adjusted to pH 6.5 to 9.5 in 0.5-pH NBS unit steps. This was done in both dark and light conditions and as described previously ([@R8]).

Simultaneous SNARF-1 and pH microsensor measurements
----------------------------------------------------

For simultaneous pH measurements by SNARF-1 and a microsensor, microsensor data were recorded continuously every 5 s, and pH using SNARF-1 was measured punctually every 5 to 10 min. A more frequent acquisition of fluorescent dye images was not possible because of the sensitivity of the coral to the laser and a related tissue retraction. Microsensor measurements were subsequently averaged for the specific time frames (110 s) of each SNARF-1 data acquisition.

Measurements under the polyps of *S. pistillata* microcolonies
--------------------------------------------------------------

To compare measurements within the ECM in different regions of the microcolony, pH and CO~3~^2−^ were also measured under the coral polyps. For this, glass slides with microcolonies were placed in a temperature-controlled seawater bath (100 ml) under a Leica Z16 APO macroscope (Leica Microsystems) connected to a camera system and computer screen, allowing macroscopic online observations. To minimize the effects of a photosynthesis- or respiration-driven diffusive boundary layer over the colony, a gentle surface current (\~2 cm/s) was applied by blowing air with an air pump through a bent Pasteur pipette along the water surface. After calibration, the microsensor was moved to the seawater bath containing the sample, and the tip was positioned above the polyp mouth. This depth was set as zero. Generally starting from 1000 μm above the mouth (negative depths), the sensor was moved toward the polyp and inserted through the mouth (depth zero) until it could not be advanced any further (presumably reaching the skeleton and referred to as measurements "at the skeleton" in the text; maximum positive depths in the profiles). Contact with the skeleton could not be verified directly but was defined as when either the microsensor tip started to bend or the glass slide with the colony was moved in the water bath. Profiles were recorded in the light (200 μmol photons m^−2^ s^−1^) with a dark period of 10 min at maximum depth. After the dark period, the light was switched back on for 10 min before an upward profile was recorded until the sensor had reached its original position in the seawater again. Data from experiments during which the sensor tip broke were excluded from the data presented within this study (this also applies to measurements in the growing edge).

DCMU treatment
--------------

To investigate the influence of photosynthesis on the pH under coral polyps, we used DCMU (Sigma-Aldrich). For the experiments, coral microcolonies were exposed to a seawater solution containing 100 μM DCMU in 0.1% acetone, which was prepared from a DCMU stock in 100% acetone ([@R51]).

DIC and Ω~arag~ calculations
----------------------------

CO2SYS does not allow the determination of DIC concentrations by use of pH and *A*~T~ (or CO~3~^2−^). Thus, DIC was calculated as done previously ([@R15]) by using the measured CO~3~^2−^ concentrations, pH, and the dissociation constants of carbonic acid in seawater *K*~1~ and *K*~2~ ([@R52]) according to the following equation \[derivation of [Eq. 1](#E1){ref-type="disp-formula"} given in note S1\]$$\lbrack\text{DIC}\rbrack = \lbrack{\text{CO}_{3}}^{2 -}\rbrack({\lbrack H^{+}\rbrack}^{2}/(\mathit{K}_{1}\mathit{K}_{2}) + \lbrack H^{+}\rbrack/\mathit{K}_{2} + 1)$$

For this, we used the average values for CO~3~^2−^ and pH and propagated their individual SD into a compound SD (see below).

Using the measured Ca^2+^ and CO~3~^2−^ data, Ω~arag~ was calculated according to [Eq. 2](#E2){ref-type="disp-formula"}$$\mathrm{\Omega}_{\text{arag}} = \lbrack\text{Ca}^{2 +}\rbrack\lbrack{\text{CO}_{3}}^{2 -}\rbrack/\mathit{K}_{\text{sp}}$$where *K*~sp~ = 7.184, as derived by linear regression for salinity 38 from the given salinities from Mucci ([@R53]) (solubility constants for aragonite at 25°C; table 4). The calculations of the compound SD for DIC and Ω~arag~ are described in note S2.

Statistics
----------

Calibration curves and one-way analysis of variance (ANOVA) were established and carried out using the program Origin 2017 (version 94E). Box plots representing the single data points; the average; the first, second (median), and third quartile; and respective whiskers (vertical lines representing the minimum and maximum of all data, excluding outliers) were generated using the software "R" version 3.3.1 ([@R54]).
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Fig. S1. Simultaneous measurement of pH and carbonate by two LIX microsensors in the same location (distance between sensor tips, \<10 μm) of the ECM within the growing edge of a *S. pistillata* microcolony.

Fig. S2. pH profiles measured in the polyps of different microcolonies of *S. pistillata* by entering a pH LIX microsensor through the polyp mouth (≈0 μm).

Fig. S3. Carbonate depth profile measured by entering a CO~3~^2−^ LIX microsensor through the polyp mouth (at \~200 μm) of a *S. pistillata* microcolony.

Fig. S4. Retraction of the coral polyp upon microsensor insertion.

Note S1. Derivation of [Eq. 1](#E1){ref-type="disp-formula"} to calculate DIC.

Note S2. Calculation of the compound SD for DIC and Ω~arag~.
